Theileria parva is an intracellular protozoan parasite that causes East Coast fever, a severe lymphoproliferative disease in cattle. Previous attempts to produce recombinant sporozoite surface antigen (p67) in bacterial or insect cells for vaccine purposes have not resulted in a correctly folded protein. Here, we report the expression of N-and Cterminal domains of p67 fused to the baculovirus envelope glycoprotein GP64 by cloning the appropriate p67 cDNA segments between the signal sequence and the major portion of GP64. To further advance the generation of such recombinants, existing surface display techniques were combined with bacmid technology. Chimeric proteins were present on the surface of budded viruses as judged by immunogold labelling and were exposed on the surface of insect cells, as concluded from immunofluorescence studies of infected, non-fixed insect cells. In non-denaturing dot blot experiments, a strong reaction was obtained between monoclonal TpM12 and baculovirus particles displaying the p67N-GP64 chimeric protein. This antibody, raised against native p67, also specifically recognized the surface of recombinant-infected cells. Apparently, a more native conformation was achieved than when p67 was expressed in E.coli or in conventional baculovirus expression systems. The baculovirus surface expression system, therefore, provides an improved way of expressing this T.parva sporozoite surface protein.
Introduction
The protozoan parasite Theileria parva is the causative agent of East Coast fever (ECF), a lymphoproliferative disease of cattle with a high mortality rate. The parasite is transmitted by the brown ear tick, Rhipicephalus appendiculatus during feeding. In cattle, the infecting sporozoites develop into schizonts which induce transformation of lymphocytes (reviewed by Dobbeleare and Heussler, 1999) . Clinical signs such as pyrexia, lymphoadenopathy and panleukopenia are associated with the invasion of parasitized lymphoblasts into bovine tissues (Irvin and Morrison, 1987) . The current way of immunization of cattle involves vaccination with cryopreserved sporozoites and simultaneous treatment with long-acting anti-biotic tetracyclines. The immunity achieved in this way, though often strain-specific, lasts for at least three years (Morrison et al., 1995) .
Immune responses against the infecting sporozoite and pathogenic schizont stages play a major role in mediating protection and immunity to ECF (McKeever et al., 1999) . Cattle that recover from infection mount immunity to homologous strains. This immunity is thought to be dependent on a cellular immune response mediated by class I MHC-restricted CD8ϩ cytotoxic T lymphocytes, and directed against schizontinfected lymphoblasts (Morrison et al., 1995; McKeever et al., 1999) . On a single exposure, animals do not mount a detectable anti-sporozoite response, but on repeated challenge with infected ticks cattle generate high levels of antibodies that neutralize sporozoites in vitro (Musoke et al., 1984) . These antibodies recognize p67, the major surface protein of sporozoites. A recombinant form of this antigen produced in bacteria has shown to provide protection in cattle . Because p67 is invariant in parasites isolated from cattle and exhibits 76-96% sequence identity with stocks from buffalo, the antigen has a clear potential for development of a subunit vaccine against ECF. Pepscan analysis revealed that both murine and bovine epitopes cluster in the N-and Cterminal regions. Linear bovine B cell epitopes mapped within residues 25-296, and 577-591, while residues 105-221 contained three epitopes defined by neutralizing monoclonal antibodies. A further two epitopes were located in the C-terminal fragment between residues 617-631 (Nene et al., 1999) .
Expression of p67 in E.coli as a fusion protein to influenza NS1, resulted in an insoluble protein . In insect cells infected with a conventional recombinant baculovirus, p67 was expressed at low levels and mainly in a non-native conformation, and was not transported to the cell surface (Nene et al., 1995) . The protection achieved by these two recombinant proteins was only partial and relatively high doses of antigen were needed for induction of protective immunity. We believe that incorporating conformational epitopes would enhance the efficacy of the vaccine.
In this paper, we have expressed domains of p67 on the surface of budded baculovirus particles (BVs) in an attempt to achieve a more native folding of immunodominant epitopes. The baculovirus surface display method (Boublik et al., 1995; Grabherr et al., 2001 ) is based on the expression of foreign proteins fused to the baculovirus GP64 protein. This major BV envelope protein is responsible for fusion of the viral envelope with endosomes of the insect host and for virus budding from infected insect cells (Monsma et al., 1996; Oomens and Blissard, 1999) . Baculovirus surface display has been used previously for the expression of viral surface antigens, such as HIV GP41 and GP120, rubella virus spike proteins and FMDV structural proteins (Boublik et al., 1995; Grabherr et al., 1997; Mottershead et al., 1997; Tami et al., 2000) . Indications for a near-native folding of recombinant proteins produced in this system have been given by the display of functional scFv fragments (Mottershead et al., 2000) .
To allow easy generation and screening of recombinant viruses, we combined the existing surface display system with bacmid technology (Luckow et al., 1993) , enabling the generation of recombinant viral genomes in bacterial cells. This is the first report of the expression of a parasite antigen on the surface of baculovirus particles and may open new avenues to develop vaccines against parasitic diseases.
Materials and methods

Construction of transfer vectors
The coding sequence for enhanced GFP (Cormack et al., 1996) was cloned as a NcoI-NsiI fragment downstream of the p10 promoter in the pFastBacDual vector (Invitrogen Breda, The Netherlands). The KpnI restriction site in the multiple cloning site (MCS) downstream of the p10 promoter was removed by digesting with NsiI and KpnI, and filling in with Klenow. After self-ligation, this resulted in the vector pFBD-GFP-∆KpnI. In this way, we were able to use a unique KpnI cloning site between the gp64 signal peptide and major domain (see Figure  1) . A p67 N-terminal domain corresponding to amino acids 21-225 was obtained by PCR from plasmid pMG1-p67 with primers surf-3 and surf-4, generating KpnI sites (Table I, Figure 1A ). The C-terminal domain of p67, encoding amino acids 572-651, was amplified with primers surf-1 and surf-2 to introduce KpnI sites on both ends (Table I, Figure 1A ). The PCR products were verified by sequencing. The C-terminal domain was cloned into the KpnI site of pBACSurf-1 (Novagen, Darmstadt, Germany) to give plasmid pBACSurf-p67C. With this plasmid as template, the p67 C-domain flanked by the gp64 leader sequence (86 bp) and the gp64 major domain (1511 bp) was amplified using primers surf-5 and surf-6 (Table I ) and the Expand Long Template PCR system (Roche Diagnostics, Almere, The Netherlands). The PCR product was cloned between the EcoRI and HindIII restriction sites in the MCS of pFBD-GFP-∆KpnI, resulting in pFBD-GFP-gp64/p67C ( Figure 1B ). The sequence was verified. Plasmid pFBD-GFP-gp64/p67N was generated by removing the p67 C-domain by KpnI digestion and replacing it with the N-domain. Self-ligation after KpnI digestion resulted in an empty vector, pFBD-GFP-gp64, which was used as a control in the experiments described below.
Generation of bacmids and recombinant viruses
Escherichia coli DH10BAC cells (Invitrogen) were transformed with the plasmids pFBD-GFP-gp64/p67N, pFBD-GFP-gp64/p67C or pFBD-GFP-gp64 to generate recombinant AcMNPV bacmids. Putative recombinant bacmids were analyzed by PCR using the M13 reverse and surf-5 primers. Isolated bacmid DNA was used to transfect Spodoptera frugiperda Sf21 cells (Vaughn et al., 1977) using Cellfectin (Invitrogen). This resulted in the recombinant viruses Ac-gp64/ p67N, Ac-gp64/p67C and Ac-gp64. Recombinant viruses were grown to high titer stocks using standard procedures (King and Possee, 1992) . Immunofluorescence studies with non-fixed cells Sf21 cells were grown in Grace's supplemented medium containing 10% FBS (Invitrogen). Sf21 cells were infected with Ac-gp64, Ac-gp64/p67N and Ac-gp64/p67C at a multiplicity of infection (m.o.i.) of 10 tissue culture infection dose 50 (TCID 50 ) units/cell. The cells were harvested and collected in 2 ml of Grace's supplemented medium with 10% FBS at 48 h postinfection (p.i.). Infected non-fixed cells were incubated in this medium with monoclonal antibodies ARIII 22.7, recognizing the N-domain of p67, or with ARIII 21.4, specific for the Cdomain (Nene et al., 1999) at a dilution of 1:200 for 1 h at room temperature. Cells were washed three times with Grace's supplemented medium containing 10% FBS. Cells were further incubated with goat anti-mouse IgG conjugated to rhodamine Red X (Molecular Probes Europe, Leiden, The Netherlands) for 1 h at a 1:200 dilution. Similar studies were also performed with monoclonal TpM12 at a 1:50 dilution. After extensive washing, the insect cells were viewed in a Zeiss LSM510 confocal laser scanning microscope. GFP fluorescence was observed through excitation with blue laser light at 488 nm and emission through a 505-530 nm bandpass filter. Rhodamine was simultaneously visualized using green laser light at 545 nm for excitation and a 560 nm longpass filter for emission. (Nene et al., 1999) . Rabbit anti-mouse immunoglobulins conjugated to horseradish peroxidase (Dako A/S, Glostrup, Denmark) were used as the second antibody. For immunodot blot analysis, a sample of the budded virus preparation of Ac-gp64/p67N or Ac-gp64 equivalent to 5 µg of total protein was spotted onto a nitrocellulose membrane, either directly or after denaturation by boiling for 10 min in 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 2% SDS and 5% β-mercaptoethanol. The filters obtained were incubated as described above using either monoclonal TpM12 or ARIII 22.7 (Nene et al., 1999) . These blots were developed using ECL Fig. 3 . Western blot analysis of AcMNPV recombinants. BVs were harvested from cells infected with either Ac-gp64, Ac-gp64/p67N or Acgp64/p67C and subjected to SDS-PAGE followed by western blot analysis. (A) The filter was incubated with a monoclonal antibody recognizing the AcV5 epitope of GP64. (B and C) Monoclonals specific for the N-(ARIII 22.7), and the C-terminal (ARIII 21.4) domains were used, respectively.
Analysis of budded virions
Fig. 4.
Immunogold labelling of recombinant budded virions. Budded virions of recombinants Ac-gp64/p67N (A) Ac-gp64/p67C (B) were collected at 36 h p.i. and labelled with the N-specific monoclonal ARIII 22.7 (A) or the C-specific monoclonal ARIII 21.4 (B). As a positive control AcMNPV wild-type was labelled with the GP64-directed monoclonal V1 (C). Rabbit anti-mouse immunoglobulins coupled to 7 nm gold particles were used to visualize the bound antibodies. Bar represents 100 nm.
76
(Amersham Pharmacia Biotech, Roosendahl, The Netherlands). As a control, Sf21 cells were infected with an AcMNPV recombinant expressing non-fused p67 and 5 µg total cell protein was blotted under both denaturing and native conditions (data not shown).
For immunogold labelling, Sf21 cells were infected with the various recombinants in Grace's medium without any supplements and the culture supernatant was replaced at 20 h p.i. The supernatant was collected at 36 h p.i. and cleared from cell debris by centrifugation at 1000 r.p.m. in a Labofuge with swing-out rotor. The virus suspension was attached to nickel grids. After blocking in 1% (w/v) BSA in PBS for 20 min, grids were incubated for 1.5 h with the monoclonal antibodies ARIII 22.7 (N-specific), ARIII 21.4 (C-specific) or AcV1 (specific for GP64), all in a 1:200 dilution. The grids were then washed on six drops of 20 µl PBS-BSA for 5 min each and further incubated for 1 h with RAM coupled to 7 nm gold particles (Aurion Wagenigen, The Netherlands). The grids were washed with PBS, negatively stained with 2% (w/v) uranyl acetate pH 3.9 and examined in a Philips CM12 transmission electron microscope.
Results and discussion
In the standard baculovirus expression system, the Theileria parva sporozoite surface protein p67 was expressed in low amounts in intracellular compartments and largely in a nonnative form (Nene et al., 1995) . To overcome this hurdle, domains of p67 were inserted in-frame into the open reading frame of the baculovirus GP64 protein between the coding sequences for the GP64 signal peptide and the GP64 mature protein (Figure 1) . The GP64 signal peptide is used to route the recombinant protein via the secretory pathway to the plasma membrane, while the GP64 portion directs the chimeric protein to the envelope of budded viruses. Since the antibody responses of bovine serum to p67 are restricted to N-and Cterminal domains (Nene et al., 1999) , these two domains were considered as good starting points to test the baculovirus surface display technique for T.parva p67. The p67 N-domain comprises amino acid residues 21-225, thereby excluding the original p67 signal peptide ( Figure 1A ). The C-domain consists of residues 572-651 and does not contain the p67 transmembrane region, since the GP64 portion provides a functional analogue.
To avoid tedious rounds of plaque purification, recombinant viruses were generated using bacmid technology (Luckow al., 1993) . To this end, the gp64 sequences were amplified from the pBacSurf-1 vector (Novagen) and cloned downstream of the polyhedrin promoter between the EcoRI and HindIII sites of the pFastBacDUAL vector (Invitrogen). A KpnI site, situated downstream of the signal sequence, was used to introduce the p67 N-and C-terminal domains ( Figure 1B and C). The coding sequence for enhanced GFP was cloned downstream of the p10 promoter in order to follow transfection and infection processes, and to guarantee a simple read-out in virus titrations.
It has been reported that fusion of proteins to GP64 may adversely affect viral production or infectivity (Boublik et al., 1995) . This appears to be dependent on the size of the protein, since larger proteins are more likely to interfere with GP64 trimer formation (Oomens et al., 1995) and hence with incorporation into the virus particle. Apparently, since the titers obtained for the various viral stocks were within the normal range, the expression of GP64-p67 chimeric proteins did not significantly disturb virus budding and membrane fusion.
Immunofluorescence studies were performed in Grace's medium on non-fixed, living Sf21 cells. In this way antisera could only reach p67 domains which were exposed on the surface of the cells. With monoclonals specific for the N-and C-domains (ARIII 22.7 and ARIII 21.4, respectively), and with a second antibody conjugated to rhodamine Red X, a strong red peripheral fluorescence was observed (Figure 2A and C), which surrounded the cytoplasmic green GFP fluorescence ( Figure 2B and D) . In cells infected with the control Ac-gp64, only the green GFP fluorescence was observed with both monoclonal antibodies (data not shown). Cell surface expression has also been reported by Tami et al. (Tami et al., 2000) , when expressing FMDV structural proteins fused to GP64. To analyze the conformation of p67N on the cell surface, monoclonal TpM12 was used in immunofluorescence studies with recombinant-infected non-fixed cells. A red fluorescence was observed at the cell surface for cells infected with Acgp64/p67N ( Figure 2E and F), indicating that a conformational epitope in p67N was conserved. The amount of fluorescence observed was less with TpM12 than with the other monoclonals. Therefore, we showed confocal images of the cell surface ( Figure 2E and F) instead of optical slices through the p67N (A and B) or with the controls Ac-gp64 (C) and the equivalent of 5 µg of total protein was blotted onto a nitrocellulose membrane under non-denaturing or denaturing conditions. The blots were incubated either with monoclonal ARIII 22.7 (A), recognizing a N-specific, linear epitope or with monoclonal TpM12, specific for native p67 (B and C).
77 middle of the cell. TpM12 did not react with cells infected with the Ac-gp64 control ( Figure 2G and H) .
To determine whether the GP64-p67 chimeric proteins were incorporated into non-occluded virus particles, budded virions were harvested from infected insect cell cultures by centrifugation through a sucrose cushion (see Materials and methods). The samples obtained were analyzed by western blotting (Figure 3 ). Labelling with a monoclonal antibody directed against the GP64 AcV5 epitope ( Figure 3A) showed a protein of approximately 67 kDa in all recombinant viruses, representing wild-type GP64, expressed from the gp64 promoter. In the control Ac-gp64 this band is stronger due to over-expression of GP64 ( Figure 3A , lane 1) driven by the polyhedrin promoter. In Ac-gp64/p67N budded viruses an additional protein of about 84 kDa was present, which was also observed with an N-specific monoclonal ( Figure 3A and B, lanes 2). The recombinant virus expressing the C-domain showed an additional band of approximately 70 kDa, that was also detected with the C-specific monoclonal ARIII 21.4 ( Figure 3A and C, lanes 3 and 2, respectively). The amounts of the recombinant p67-GP64 chimeric proteins were slightly less than that of authentic GP64 ( Figure 3A, lanes 2 and 3) .
The presentation of chimeric proteins on the surface of budded virions was studied by immunogold labelling ( Figure  4 ). To this aim virions budded between 20 and 36 h p.i. were analyzed for wild-type AcMNPV, Ac-gp64, Ac-gp64/p67N and Ac-gp64/p67C. N-and C-epitopes were detected on the surface of budded virions of the recombinants Ac-gp64/p67N and Ac-gpP64/p67C, respectively ( Figure 4A and B). The labelling was less intense with monoclonal ARIII 21.4, directed against C, but consistently present. Both monoclonals did not recognize the control virus Ac-gp64 (not shown). The GP64 epitope V1 was detected in all samples, as expected ( Figure  4C for AcMNPV wild-type). Recombinant virus preparations of earlier times post-infection showed a high proportion of virions that did not present the p67-GP64 chimeric proteins, but only native GP64 (not shown). This can be explained by the fact that the first budding occurs much earlier than the onset of polyhedrin promoter-driven transcription. Since the synthesis of the recombinant proteins was driven by the polyhedrin promoter, the timing of expression is not optimal for incorporation in budded viruses.
The conformation of the p67 N-domain displayed on the surface of budded viruses was analyzed by immunoblotting of budded virions directly, or after denaturation by boiling in SDS and β-mercapthoethanol-containing buffer. Both denatured and non-denatured virions reacted with monoclonal ARIII 22.7, but with a stronger signal in the denatured sample ( Figure 5A and B). This might indicate that the folding of the protein in non-denatured samples partially masks the availability of a linear epitope. TpM12 reacted with the non-denatured virions, but not with denatured virions (Figure 5C and D) , showing the preservation of a conformational epitope in the N-segment. Both monoclonals did not recognize budded virions of the control virus Ac-gp64 ( Figure 5E and F), indicating that the reaction was specifically against the N-domain of p67 and not against any other component of the budded virions. These results confirm the data obtained with the immunofluorescence studies on infected cells.
When a lysate of insect cells infected with a non-fused baculovirus p67 recombinant (Nene et al., 1995) was spotted under non-denaturing conditions no reaction with TpM12 was observed (not shown). Previous experiments also showed that TpM12 did not react with the majority of full-length p67 expressed with conventional baculovirus vectors (Nene et al., 1995) . It was argued that the lack of recognition of the TpM12 epitope using these vectors was due to the fact that p67, despite the presence of a signal peptide, was not transported to the surface of insect cells but rather accumulated in intracellular compartments, a process that might affect its folding or processing. It is unlikely that this was due to lack of glycosylation, since glycosylation in p67 isolated from sporozoites has not been observed so far, although it contains seven potential sites of N-linked glycosylation . Bacterially-expressed p67 completely failed to react with this monoclonal Nene et al., 1995) . Transfected COS cells and bovine or murine cells infected with p67 recombinant vaccinia virus also failed to express p67 in its native form, and again p67 remained intracellular in these systems (Nene et al., 1995 and references therein) . Here, we showed labelling of p67 with TpM12 on the surface of recombinant infected cells, by immunofluorescent labelling of living cells (Figure 2 ). Recombinant budded virions also reacted with TpM12 as shown in immunodot blot assays ( Figure 5 ). Also the stability of the protein seems to be increased compared to the expression of non-fused p67. Thus, the baculovirus surface display system appears to provide an improved way of expressing sporozoite surface protein p67, compared to bacterial or other conventional expression systems. Besides the more natural folding, the particulate nature of the budded virus preparations is likely to enhance the immunogenicity of p67. In addition, isolation of budded virions is a much more easy procedure than purification of p67 from intracellular compartments.
The combination of surface display with bacmid technology as described in this paper has greatly accelerated the procedure of generating recombinant viruses, thereby facilitating the expression of antigenic domains for vaccine-related studies. The next step will be to test the immunogenic properties of the budded virions displaying the p67-GP64 chimeric proteins in cattle, and to determine whether it can protect against ECF and, if so, to evaluate the potential of p67-budded viruses under field conditions.
